an SPD-M10AVP photo diode array detector, SIL-10AD VP auto injector, a DGU-12A degasser and SCL-10A VP system controller (all from Shimadzu, Kyoto, Japan). A reversed-phase Symmetry C18 (Waters, USA) column (25 cm × 4.6 mm i.d.; particle size 5 µm) was used for separation. The chromatographic and the integrated data were recorded using a HP-Vectra (Hewlett Packard, Waldbron, Germany) computer system.
Chromatographic conditions
Before the mobile phase was delivered into the system, solvent-A containing 0.01 M potassium dihydrogenorthophosphate (pH adjusted to 3.0 with orthophosphoric acid) and solvent-B containing acetonitrile were filtered through 0.45 µm, PTFE filter and degassed using vacuum. The analysis was carried out using a linear gradient program ( Table 1 ). The flow rate was kept constant at 1.0 ml/min at room temperature (28˚C). The detection was performed at 215 nm using a SPD-M10A VP photo diode array detector.
Analytical procedures
Solutions (1000 µg/ml) of paracetamol and its process impurities were prepared in the mobile phase by dissolving known amounts of the components in the mobile phase. These solutions were adequately diluted to determine the accuracy, precision, linearity and limits of detection and quantification. Two hundred µg/ml concentration of paracetamol was taken as a specification level.
Results and Discussion

Optimization of chromatographic conditions
The chemical structures of paracetamol (III), acetic acid (II) and all its process-related impurities (I, IV, V, VI, VII, VIII, IX, X and XI) are shown in Fig. 1 . The synthesis of paracetamol is described in Fig. 2 . From Fig. 2 it could be seen that compounds I and X are precursor impurities generated during the synthesis. Impurities V, VII, IX and XI are side products and IV, VI and VIII are formed because of the impurities present in the reagents used (Fig. 3) . Acetic acid (II) is a degradation product.
The present study is aimed at developing a chromatographic system capable of eluting and resolving paracetamol and its impurities. All the impurities and paracetamol were subjected to separation by reversed-phase HPLC on different columns using different buffer systems with different pH ranges and organic modifiers. The separation and peak shapes were found to be good on Symmetry C18 (4.6 × 250) mm, 5 µm column using buffer 0.01 M KH2PO4 with pH 3.0 adjusted with H3PO4. When acetonitrile was used as organic modifier, the peaks were sharp and well separated compared to the results for methanol. So acetonitrile was chosen as an organic modifier. Since the impurities possess varying polarities, a gradient method was used. The separation of impurities VII, VIII and IX has become critical as they eluted very close to each other. To achieve this critical separation, we kept the initial concentration of acetonitrile at 0% in the gradient program. Generally, the use of 100% aqueous solution as a mobile phase causes irreversible damages to the stationary phase of the C18 columns. However, in the present situation such deleterious effects were not observed due to the following reasons. The hydrolytic and mechanical stability of the packing material used in the Symmetry C18 column was very high. These columns are the perfect choice for applications that require low organic and highly aqueous mobile phase conditions. Further, using the linear gradient program, the percent of organic solvent was gradually increased to 20% from 0.1 min to 30 min. Thus,
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ANALYTICAL SCIENCES FEBRUARY 2006, VOL. 22 100% aqueous buffer of 0.01 M potassium dihyrdogenphosphate was allowed on to the column only for 8 min for stabilization for the next run. This type of reversing the polarity of the mobile phase solvents during a gradient program is quite common and essential to elute unknown impurities of the drugs and pharmaceuticals. Finally, under the selected conditions, all the impurities were well separated (Table 1) . A typical chromatogram of paracetamol spiked with 50 ppm of each of the related substances is shown in Fig. 4 . It is clear from Fig. 4 that all the compounds were eluted and separated with good peak shapes and resolution. The method was applied to pharmaceutical formulations. Figure 5 describes the separation of impurities in formulations. The peaks were identified by injecting and comparing with the retention times of the individual compounds and by studying the absorption spectra using a PDA detector. An unknown impurity (UK1), which has eluted close to the impurity X was also well separated under the optimized conditions. The UV wavelength at 215 nm was chosen for monitoring the separation where all the interested compounds have good absorption. The selectivity was found to be >1.03 with resolution >1.70 for all the compounds. Further studies were carried out on the effect of temperature, buffer concentration and pH of the buffer on the retention of all the process impurities. Buffer concentration has no effect on the retentions, whereas retentions were slightly decreased with increasing temperature. So room temperature (28˚C) is preferred. The effect of pH has been shown in Fig. 6 . As the pH value of the buffer was increased, peaks were broadened and resolutions were decreased. So a lower pH (3.0) was preferred.
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Assay
The assay of paracetamol was estimated using a working standard and the method was validated by the following parameters.
Specificity
Specificity is the ability of the method to measure the analyte response in the presence of all potential impurities. The results are recorded in Table 2 . Chromatographic peak purity and homogeneity was evaluated with a PDA detector. The plot with a flat-top showed that paracetamol exhibited a homogeneous peak with no detectable impurities embedded in it. The specificity was checked by stressing the pure sample under UV light at 254 nm, 65˚C temperature for 15 days and under extreme conditions such as 0.3 N HCl, 0.3 N NaOH, and 3% H2O2. In UV light conditions, no change in the sample purity was observed, but in alkaline and acidic conditions, the degraded products were formed and well separated from paracetamol. In formulations, it was observed that the excipient peaks did not interfere with the peaks of interest (Fig. 5) and that the one unknown impurity (UK1) was well separated from the other impurities. Thus, the method was found to be applicable for quantitative determination of paracetamol in pharmaceutical dosages.
System suitability
The system suitability was conducted by using 0.3% of all impurities spiked to the paracetamol (200 µg/ml) and evaluated by making five replicate injections. The system was deemed to be suitable for use if the tailing factors for paracetamol and its impurities were not more than 1.25 and the resolution was not less than 1.70. Synthetic mixtures and process samples were analyzed under identical conditions.
The quantities of impurities and assay of paracetamol were calculated from their respective peak areas. The system suitability data are given in Table 3 .
Accuracy
The recoveries of I, IV, V, VI, VII, VIII, IX, X and XI were determined by spiking each impurity at six different levels ranging from 0.30 -1.50 µg/ml to the concentration of paracetamol at the specified level (200 µg/ml). In other words, the range of impurities spiked to paracetamol was 0.15 -0.75%. The minimum of 0.15% of each impurity spiked to paracetamol was considered to be the nominal concentration for determining the accuracy of analysis. Acetic acid was spiked at five levels in the range 10 -50 µg/ml. The recovery range and RSD for all impurities were found to be 93.42 -101.22% and 0.13 -2.50% respectively (Table 4) . Similarly, the accuracy of determination of the assay of paracetamol was checked at five-concentration levels: i.e. 100, 150, 200, 250 and 300 µg/ml each in triplicate for 3 days. The percentage recoveries are recorded in Table 4 . The RSD values are found to be below 1.22%.
Precision
Six bulk drug samples of paracetamol were obtained from different manufacturers. The precision of the method for impurities was tested by spiking with 0.3% (w/w) of each impurity to a specified level of 200 µg/ml. The recoveries of each impurity were calculated and the RSD was found to be in the range of 0.23 to 2.26% (Table 5 ). The precision in determination of assay was studied by repeatability, intermediate precision and reproducibility (ruggedness). Repeatability is the intra-day variation in assay obtained at different concentration levels of paracetamol and is expressed in terms of RSD calculated for each day. The intra-day variations were studied for three successive days at three concentration levels (100 -300 µg/ml). The RSD values were found to be below 1.0% for each day, indicating a good repeatability ( Table  6 ). The intermediate precision is the inter-day variation at the same concentration level determined on successive days. The inter-day variations calculated for three concentration levels from the above data are expressed in terms of % RSD values. At each concentration level, the % RSD values were below 1.5%, indicating a good intermediate precision. The ruggedness of the method is defined as the degree of reproducibility obtained by the analysis of the same sample under a variety of conditions at different labs, with different analysts using different instruments and different lots of reagents. The same samples of three concentrations were analyzed in triplicate on 2 days by another instrument (LC-10A Module HPLC system containing pump and UV-visible detector) by a different analyst with different lots of reagents and columns. The data obtained were within 2% RSD.
Linearity
The linearity of detector response to different concentrations of impurities was studied by analyzing paracetamol spiked with each impurity at ten levels ranging from 0.2 -2.0 µg/ml (50 -500%). Thus 0.4 µg/ml of impurity was considered to be to 100%. Similarly, the linearity of paracetamol was also studied by preparing standard solutions at ten different levels ranging from 50 to 500 µg/ml. The data were subjected to statistical analysis using a linear-regression model; the regression equations and coefficients (r 2 ) are given in 
Limits of detection and quantification
Limit of detection (LOD) and quantification (LOQ) represent the concentration of the analyte that would yield signal-to-noise ratios of 3 for LOD and 10 for LOQ, respectively. LOD and LOQ were determined by measuring the magnitude of analytical background by injecting blank samples and calculating the signal-to-noise ratio for each compound by injecting a series of solutions until the S/N ratio 3 for LOD and 10 for LOQ. LOD and LOQ for all compounds lie in the range (0.05 -0.08 µg/ml) and (0.145 -0.197 µg/ml), respectively. The results are given in Table 7 .
The results of analysis of bulk drugs and formulations
High-low chromatographic techniques are employed for detecting trace level impurities in paracetamol bulk drugs and formulations. Three weighed tablets of paracetamol (equivalent to 500 mg each of paracetamol) were ground to powder and an equivalent of 500 mg of active ingredient dissolved in acetonitrile was taken into a 100 ml volumetric flask, ultra sonicated for about 10 min and made up to the mark with the mobile phase. The supernant liquid was collected. For determining the impurities, one uses the same solution. The results are recorded in Table 8 . Almost all the impurities were found in different amounts in all the formulations studied. Formulation 4 has shown the highest amount of impurities (0.28%) of which the impurity-IV alone was 0.09%. The assay for determining the paracetamol was carried out by diluting the above solutions to 200 ppm with mobile phase. The results of assay for bulk drugs and formulations are given in Table 9 .
Conclusion
A gradient RP-HPLC method has been developed and validated for determining as many as nine impurities and one degradation product of paracetamol in bulk drugs and pharmaceuticals. The developed method has been found to be selective, sensitive, precise and stable in determining the paracetamol. The method is also capable of detecting process-related impurities, which may be present at trace level in the finished products. Table 4 Recovery data of paracetamol and impurities (% Recovery (±RSD %)) a a. n = 3, average of three determinations. RSD: relative standard deviation. 
